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This article focuses on the main issues that affect the lifetime and performance of proton-exchange membrane
fuel cells. The short lifespans of these fuel cells represent a barrier to their massive commercialization and usage in
mobile and stationary applications. As fuel cell is a very complex system, a lot of knowledge of different areas is
required, such as chemistry, electricity and mechanics, in order to completely understand its operation and all the
problems that can occur during it. It is for this reason that an interdisciplinary approach needs to be taken when
designing fuel-cell energy systems. This paper focuses on identifying and solving those issues that negatively affect
the lifetime and performance of fuel cells. It is hoped that this article would be a valuable aid for power electronics’
researchers and engineers for better understanding the presented issues and a useful guide for solving them with the
use of proper power electronic-devices. Initially, the basic operation and structure of a proton-exchange membrane
fuel cell is explained. Three main issues that can occur during operation of a mobile or stationary fuel cell energy
system are pointed out and discussed in details, on the basis of the state-of-the-art on fuel cell technology. These
issues are poor water management, reactant gas starvation and fuel cell current ripple. This article provides answers
as to why they occur, how they affect the fuel cell, how they can be mitigated, and what are the future trends within
this research field.
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Pregled znanstvenih napredaka u ucˇinskoj elektronici usmjerenih ka osiguravanju efikasnog rada i dužeg
životnog vijeka PEM gorivih c´elija. Cˇlanak se osvrc´e na kljucˇna pitanja koja utjecˇu na vrijeme rada i performanse
gorivih c´elija s polimernom membranom kao elektrolitom. Kratak životni vijek gorivih c´elija takve vrste prepreka
je njihovoj komercijalizaciji i masovnoj upotrebi u mobilnim i stacionarnim stanicama. Buduc´i da su gorive c´elije
komplicirani sustavi potrebno je znanje iz raznih podrucˇja kemije, elektrotehnike i mehanike da bi se u potpunosti
mogao razumjeti njihov nacˇin rada i problemi koji se dogad¯aju. Upravo je zbog toga multidisciplinarni pristup
nužnost pri razvoju sustava koji koriste gorive c´elije. Ovaj je cˇlanak usmjeren prema identifikaciji i rješavanju
onih problema koji negativno utjecˇu na životni vijek i performanse gorivih c´elija. Autori se nadaju da c´e se cˇlanak
pokazati kao korisna pomoc´ i vodicˇ istraživacˇima i inženjerima u domeni ucˇinske elektronike pri susretu s nave-
denim problemima. Objašnjen je nacˇin rada i struktura gorive c´elije s polimernom membranom kao elektrolitom.
Izložena su, i diskutirana do u detalje, tri glavna problema sa stajališta trenutacˇnih spoznaja u podrucˇju ucˇinske
elektronike. Ti problemi su: loše upravljanje vodom, nestanak reaktantnog plina i strujni trzaji u gorivim c´elijama.
Objašnjeno je zašto se ovi problemi dogad¯aju, kako utjecˇu na gorivu c´eliju, kako ih se može sprijecˇiti i koje su
buduc´e perspektive istraživanja.
Kljucˇne rijecˇi: PEM goriva c´elija, upravljanje vodom, nestanak reaktantnog plina, strujni trzaji, ucˇinska elektron-
ika
1 INTRODUCTION
Power systems based on proton-exchange membrane
fuel cell (PEMFC) technology have been the object of
increasing attention and extensive research over recent
years. They are very interesting and display a lot of po-
tential for usage in both stationary and mobile applica-
tions due to their high-efficiency, low-operating tempera-
tures, fast start-up, high-power density, solid electrolytes,
longer cell and stack lifetime in comparison with other
kinds of fuel cells, low corrosion rate, and non-polluting
emissions [1–3]. However, the relatively short lifespans of
fuel cells, in general, is a significant barrier to their com-
mercialization in stationary and mobile applications [4–6].
Scientific literature discusses and deals with many dif-
ferent operational conditions and occurrences that affect
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Fig. 1. Basic structure and chemical reactions of a PEMFC
the lifetime and performance of a fuel cell. This work is
usually done either from chemical, mechanical or electri-
cal points of view. There are many papers that discuss the
impacts of such issues as poor water management, reactant
gas starvation or fuel cell current ripple, on chemical re-
actions and components inside a PEMFC. However, there
is no paper that would explain the ways of their mitiga-
tion from a power electronics’ perspective. Therefore this
article provides an overview of those above-mentioned is-
sues that could cause irreversible damage to the PEMFC
and the possibilities of mitigating or completely eliminat-
ing them with the use of novel power-electronic devices
and approaches. This work provides a detailed explanation
of possible causes for FC power degradation and a broad
insight into a FC energy system, in which the FC is not
treated as a black box. In addition, future work is suggested
that would relate to mitigation of the discussed issues.
The basic operation principle and structure of a PEMFC
is presented in Section 2. The further sections present and
discuss three major problems that negatively affect the per-
formance and lifetime of a FC and their possible solutions.
Thus Section 3 describes the consequences of poor wa-
ter management and ways of avoiding them, Section 4 ex-
plains the phenomenon of reactant gas starvation, and Sec-
tion 5 the causes, effects and mitigation of FC current rip-
ple. The last section collates the conclusions of this work.
2 PEMFC PRINCIPLE AND STRUCTURE
Fuel cells are electrochemical devices that directly con-
vert the chemical energy of a fuel into electricity. FCs can
operate continuously as long as they are provided with suf-
ficient amounts of reactant gases. The reactant gases used
by PEMFCs to produce electrical energy are hydrogen and
oxygen. The basic structure and chemical reactions of a
PEMFC are depicted in Fig. 1. Hydrogen, in a gaseous
state (H2), enters into the fuel cell through the bipolar
plates’ channels on the anode side. These channels allow
the distribution of gas uniformly through the entire surface
of the gas diffusion layer. Then, the hydrogen molecule
goes to the anode catalytic layer, where it is dissociated
as electrons and protons
2H2 → 4H+ + 4e−. (1)
The electrons flow through the electric load to the
catalytic layer of the cathode, whilst the protons travel
through the electrolyte membrane. The membrane blocks
the flow of electrons to the catalyst layer on the cathode
side. On the other hand, the oxygen in a gaseous state (O2)
flows from the bipolar plates channels within the cathode
to the catalyst layer of the cathode. Finally, the oxygen, the
hydrogen protons and the electrons react to generate water
onto the catalyst layer on the cathode side. The reaction is
as follows
O2 + 4H
+ + 4e− → 2H2O. (2)
Each cell, as depicted in Fig. 1, generates low dc volt-
age and high dc current. In order to reach the power re-
quirements of the load, as well as a sufficient level of dc
voltage, it is necessary to connect individual FCs in series,
what is known as a stack. The FC stack is a complex sys-
tem that requires an auxiliary power-conditioning system
to ensure safe, reliable and efficient operation under dif-
ferent operating conditions. In general, a PEMFC system
includes four subsystems that manage the air, the hydro-
gen, the humidity, and the stack temperature, as shown in
Fig. 2. The following sections present the main issues af-
fecting the lifetime and performance of a PEMFC stack.
In addition, ways are discussed for identifying, mitigating,
and resolving them using power-electronics approaches.
3 POOR WATER MANAGEMENT
As described above, a FC is an efficient electrochemical
energy source that combines hydrogen and oxygen to pro-
duce electricity, with heat and water as its by-products (2).
One part of the water generated by the FC is removed
out of the stack, whilst the other part is used to humidify
the membrane. It is very important to keep the membrane
humidified in order to ensure high proton (H+) conduc-
tivity [7]. Nevertheless, excess water can block the flow-
channels and the pores of the gas diffusion layer. This leads
to a phenomenon known as gas starvation, as explained
in the next section. In addition, excessive accumulation
of water aggravates other degradation mechanisms such as
the corrosion and contamination of components [8]. On the
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Fig. 2. PEMFC system with main control subsystems
other hand, dehydration of the membrane causes a decrease
in proton conductivity and generates higher ohmic losses
due to increased ionic resistance [7, 9, 10]. This results in
a voltage drop and a reduction in output power. If a FC is
operated under conditions of dehydration over a long pe-
riod, the membrane can suffer severe and irreversible dam-
age [7, 8, 11, 12]. In order to improve the performance and
extend the lifetime of a FC, it is very important to main-
tain a balance between the amount of water kept inside the
stack and the amount ejected from it [8, 11].
A basic FC energy system consists of a FC stack and,
in most cases, a voltage step-up dc-dc converter. The lat-
ter has to ensure that the energy delivered by the FC can
be used over a wide range of applications in a safe and
efficient manner. Since the FC stack’s structure is equiva-
lent to a series connection of several voltage sources, each
with its own internal impedance, the output power of the
stack is limited by the state of the weakest cell [13, 14].
The fuel and air pressures, along with the membrane hu-
midity, are the main parameters that can affect the terminal
voltages of each cell. Those cells that receive lower pres-
sure and/or have drier membranes will produce reduced
voltage in comparison with other cells. Variations in fuel
and air pressures can occur due to obstructions caused by
bad FC water management. In addition, bad water man-
agement also causes variations in membrane humidity. The
membrane humidities of each cell within the stack vary de-
pending on the heat distribution within the FC. It is known
that the heat is unequally distributed across the FC and that
there are always differences in the temperatures of the cen-
tral and side-cells of the stack. [15, 16]. An accumulation
of excess water, known as flooding, may occur in the ex-
tremes of the stack, whilst the center of the stack, which is
generally hotter, is susceptible to the appearance of mem-
brane drying. A set of modular dc-dc converters that elec-
trically divides the FC stack into three sections, each pow-
ered by a modular dc-dc converter, is proposed in [13], in
order to reduce the impacts of bad FC water management.
The set of modular dc-dc converters presented in Fig. 3(a)
has the following advantages [13]:
• The power generated by different sections within the
modular fuel cell stack can be independently con-
trolled by each dc-dc converter.
• Extra heating within under-performing sections of the
stack due to their larger internal impedance, can be
reduced by limiting their load currents. Thus reducing
internal losses within the fuel cell.
• If a section of the stack is faulty, the dc-dc converter
controlling the faulty section can be disabled and/or
bypassed, whilst the rest of the system can continue
operating at reduced power.
• If the proposed modular stack is employed in auto-
motive systems, and a fault occurs whilst driving, the
driver can steer the vehicle to a safe location under re-
duced power, since faulty stack sections can be shut-
down.
Figure 3(b) shows a different topology than that used in
[13], with the aim of reducing the impacts of bad FC water
management and increasing the quality of the power gen-
erated by the FC. The advantage of the proposed topology
is in the reduced sizes of the magnetic components, and
improved global converter efficiency by the use of zero-
voltage switching [14]. Both presented topologies achieve
better performance of the FC, but do not reduce the impact
of bad FC water management.
A novel, interdigitated gas distribution design has been
studied by several researchers with the aim of improv-
ing the mass-transport rates of the reactants from the flow
channels to the inner catalyst layers of the porous elec-
trodes thus reducing the electrode water flooding problem
in the cathodes of the PEMFCs [17–20]. Fig. 4(a) shows
a conventional gas distribution design, in which the reac-
tant gases are transported from the gas channels to the cat-
alyst layers, mainly by diffusion. With the interdigitated
flow field presented in Fig. 4(b), the transport mechanism
is not only diffusion but also forced convection, which im-
proves the mass transfer of reactant gases [19]. In addition,
the shear force of this gas flow helps to remove a large
amount of water in liquid state, that is entrapped in the in-
ner layers of the electrode. This way the electrode flooding
problem is significantly decreased [17, 18]. He et. al. [21]
proposed using the pressure drop between the inlet and out-
let channels as a diagnostic signal for monitoring the liquid
water content within the porous electrodes of a PEMFC.
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Fig. 3. Proposed modular fuel cell and modular dc—dc
converter concept in: (a) [13], (b) [14]
This electrode-flooding monitoring device was designed
for PEMFCs with interdigitated flow-distributors; however
the authors claim that the presented methodology can be
used for other flow-distributions as well. One of the draw-
backs of this method is that it requires the installation of
two pressure sensors at the entrance points of hydrogen and
air, although these places are difficult to access in many
commercial FCs.
The monitoring and control of flooding and drying-out
conditions of a PEMFC and the characterization of both
phenomena using AC impedance measurements, is pre-
sented in [22]. The state of the membrane humidification is
controlled by the relative humidity of the inlet gases using
a Fuel Cell Test Station of the Greenlight Innovation Man-
ufacturer. Electrochemical impedance spectroscopy (EIS)
is measured using the Gamry FC350 Fuel Cell Monitor
in conjunction with an electronic load. The experimental
EIS results are used to adjust the parameters of the Randles
circuit with a constant phase element (CPE) and Warburg
finite-length, as shown in Fig. 5.







Fig. 4. Schematic illustrations of two different flow-fields:





Fig. 5. Simplified equivalent electrical circuit schematic
used in [22]
Fig. 5 is









where Rm is the membrane resistance in [Ω], Rp the
polarization resistance in [Ω], Rd the diffusion-related re-
sistance in [Ω], w the angular frequency in [rad s−1],
α the power of the CPE set at 0.8, Q a constant param-
eter of the CPE in [Ω−1(jw)−α], and τd the diffusion-
related time constant in [s]. The main parameters of the
FC, like temperature, current, pressures and stoichiome-
try relations, were kept constant during the study of FC
behavior, whilst the relative humidity of the input gases
changed over time, in order to ensure slow flooding and de-
hydration of the membrane [22]. EIS tests in flooded con-
dition were carried out, with a relative humidity of 50%
on the cathode side and 70% on the anode side, and the
model parameters were adjusted according to the test re-
sults. The same procedure was performed with a relative
humidity of 15% on the cathode side and 10% on the an-
ode side, in order to carry out tests in dry conditions. The
adjusted models for each of the cases presented in [22],
are shown in Fig. 6. The higher the name of the experi-
ment (Exp1, Exp3, ... Exp12) the longer the testing period
of the FC under specific conditions. The flooding process
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is characterized by a growth in the real impedance part at
low frequencies, whilst the drying process is characterized
by the move of the EIS curve to the right of the real axis
and by the expansion of the low-frequency loop to a size
comparable to the high-frequency one. During the flood-
ing process the parameters Rp and Rd increased with each
experiment, whilst in the other process Rm was the pa-
rameter that grew. Figure 6(c) demonstrates the possibility
of characterizing the hydration state of the membrane us-
ing EIS within the range of 0.1 Hz to 1 kHz. The same re-
sults and conclusions were also obtained in [6, 7, 23]. The
main drawback of this method was that the system used
is unsuitable for on-board integration. An embedded fre-
quency response analyzer for FCs was presented in [24].
It was implemented with a low-cost digital signal proces-
sor of small size and low-power consumption, which can
be embedded into the FC controller or power-conditioning
unit. The main advantage of this system is the ability of au-
tomatically measuring the frequency response of the FC at
different operating points, even when the FC is operating
with a load. This embedded instrument can be used as the
FC state of hydration monitoring device, as it estimates all
the circuital parameters that were described in [22], during
FC operation with any load.
A different analytic electrical model of a FC was pro-
posed in [25] and is shown in Fig. 7. Both electrodes
(anode and cathode) are presented with Randles models
and are connected in series with the internal resistance
Rm linked to the membrane [26, 27]. In Fig. 7, Cdl is
the double-layer capacitance expressed in [F]. The PEMFC
humidification scheme presented in Fig. 7 was analyzed
in [25]. At high frequencies the model can be reduced to
the membrane resistance Rm. Therefore, this resistance
can be deduced at high frequency, dividing the voltage and







Since in most applications the voltage of the Fc is low, it
is necessary to use dc-dc converters in order to increase the
FC output voltage. The advantage of the work presented
in [25] is that it doesn’t require any additional equipment
to generate high-frequency current ripple, whilst the boost
converter generates its natural current ripple of 25 kHz,
which corresponds to the switching frequency. The main
drawback of this work is that the high frequency can only
indicate whether the membrane is dry, but not if it is
flooded, whilst in this case the FC has similar resistance
to that during normal operation, as shown in Fig. 6(c). A
similar conclusion is presented in [28], where it was de-
termined that an increase in pressure drop, particularly on
the cathode side, is considered to be a reliable indicator of
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Fig. 6. Nyquist plot of the fuel cell impedance spectrum in:
(a) Flooded conditions, (b) Dry conditions, (c) Different
conditions
PEMFC flooding. On the other hand, an increase in cell re-
sistance is a reliable indicator of FC drying. The problem
of installing pressure sensors on the cathode side of the FC
has already been described above.
The main strategies for mitigating water flooding de-
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Fig. 7. Complete equivalent electrical circuit schematic, as
used in [25]
scribed in the literature correspond to those strategies
adopted by FC manufacturers [20]. One is the previously
explained flow field design [29–32]. Another strategy is the
anode water removal that is based on a decrease in the an-
ode pressure by purging. In this way an increase in the abil-
ity of the stream to carry water vapor is achieved and thus a
substantial portion of water could be removed at the cath-
ode [33, 34]. Other strategies to mitigate flooding known
as the manipulation of the operating conditions of the FC,
such as increasing the cathode gas flow-rate [33, 35, 36],
flushing the cathode periodically with a high air flow-rate
for a short time [36, 37], and shaking or orienting the FC
during its operation [38], can produce significant parasitic
losses or increase the FC system’s complexity [20]. A sim-
pler approach for mitigating water flooding is through de-
signing the membrane electrode assembly’s components to
function in the presence of liquid water [20, 39].
All the above-presented strategies for mitigating water
flooding are outside the scope of power electronics. The
only study where a power electronic device is used as an
element for improving the performance of the FC under a
bad water management condition is [40]. This work deals
with an EIS study of a single cell under different humid-
ity conditions similar to [22], but using a equivalent circuit
similar to [25]. The most important part of this work is the
mitigation of problems caused by the flooding or drying of
the FC by selecting the most suitable operating point with
a boost—cascade—buck converter connected to it. The au-
thors claim that a low-current operation has the advantage
of mitigating the flooding fault. The drying fault is, on the
other hand, mitigated by operating at high current densi-
ties, as operating at this point results in more water produc-
tion at the cathode side, which thus increases the amount
of liquid water in the membrane. In future work, embed-
ded frequency response analyzers can be used, like the one
presented in [24] for EIS study. It is possible to monitor the
water management within the FC, using this system in con-
junction with an equivalent circuit model, as used in [22].
In this way the flooded, dry or normal operation can be
identified. The current control of the converter proposed
in [14] could be used for the mitigation of bad water man-
agement. Finally, it is considered that water management
is a relatively new area of research in power electronics,
and has a great future.
4 REACTANT GAS STARVATION
Fuel or oxidant starvation is a complicated phenomenon
that refers to the operation of fuel cells under sub-
stoichiometric reaction conditions, and is one of the po-
tential causes of fuel cell failure [8, 41]. In the case of fuel
starvation, the amount of hydrogen is insufficient for the
normal oxidation process that maintains the current. Con-
sequently the anode potential rises to the level required for
oxidizing the water. This results in the evolution of oxygen
and protons at the anode, as in [8, 41, 42]
2H2O → O2 + 4H+ + 4e−. (5)
The chemical reaction on the cathode side is still
present, as described with (2). The only difference is that
the protons and electrons of the hydrogen come from wa-
ter oxidation at the anode and not from the normal supply
of hydrogen. The presence of oxygen on the anode due to
reaction (5) has been proved using gas chromatographic
analysis [42]. On the other hand, the oxygen starvation
phenomenon occurs when the amount of oxygen supplied
to the fuel cell is insufficient for reacting in accordance
with the demand of the stack current. The described chem-
ical reaction at the cathode can be derived from (2), with
absence of oxygen as follows [8, 41, 42]
4H+ + 4e− → 2H2. (6)
As described by (5) and (6), reactant gas starvation can
result in the generation of hydrogen in the cathode or oxy-
gen in the anode. Thus, a negative potential difference
appears between the anode and the cathode [8, 36]. This
so-called "cell reversal" accelerates the catalyst loss and
the carbon-support corrosion [8, 41, 43, 44]. Gas starvation
can be caused by several factors, such as poor water man-
agement, poor gas feeding management, and an imperfect
stack and cell design, as well as poor stack assembly [8].
One solution to this problem is to modify the flow of hy-
drogen and oxygen in order to avoid reactant gas starvation
at the maximum operating current of the FC [4]. However,
this solution is inefficient because the air pump can con-
sume up to 30% of the power generated by the FC [45]
and an additional increase in hydrogen consumption would
make the FC operation even more costly.
The output characteristics of a PEMFC are limited
by mechanical devices that are used to maintain the air-
flow within the cathode using a compressor or a blower,
hydrogen-flow in the anode through an adjustable valve
command, temperature control using a cooling-fan, and the
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humidity of the air in the cell using a humidity-exchanger,
as illustrated in Fig. 2. As the hydrogen, usually stored
in a pressurized tank is fed through a fast opening valve,
air-flow can be considered as the main control variable of
a PEMFC [46, 47]. For this reason, major efforts within
scientific literature have focused on preventing, modeling,
and studying the oxygen starvation phenomenon. As a con-
sequence of limitations on FC dynamics by mechanical de-
vices, mainly the compressor, a load transient will cause
a high voltage drop after a short time, well-known as the
oxygen starvation phenomena [48]. This operational con-
dition is evidently harmful for the FC and for this reason
it is considered as slow dynamic-response equipment with
respect to the transient load requirements. Therefore, bat-
teries, ultracapacitors or other auxiliary power sources are
needed to support the operation of the FC, in order to en-
sure a fast response to any load power transient. The sys-
tems formed by a FC and an other auxiliary power source,
known as FC hybrid systems, have been extensively re-
searched over recent years [49–52]. These hybrid systems
can limit the slope of the current or power generated by the
FC, with the use of current-controlled dc-dc converters. In
this way the reactant gas starvation can be avoided and the
system can operate with higher efficiency [53–56].
Models for analyzing those air-flow controllers that pro-
tect the FC from oxygen starvation during load transients,
estimate the oxygen excess ratio and allow for studying
the interactions between different elements connected to
the FC, like dc-dc and dc-ac converters, can be found in
[2,3,24,57–62]. As mentioned above, oxygen starvation is
a complex phenomenon that reduces the lifetime of a FC.
This phenomenon entails a rapid decrease in cell-voltage,
which can in several cases cause a hot spot, or even a burn-
through on the surface of the membrane [3]. In the litera-
ture it is possible to find several studies about the oxygen
starvation phenomenon, which has become another impor-
tant area of research regarding FCs. In [56] controlling the
FC air-pump voltage and regulating the FC-current through
a dc-dc switching converter provides FC protection against
the oxygen starvation phenomenon. For studying the be-
havior of a PEMFC under different air stoichiometric con-
ditions, a test station for FCs was built in [63] and equipped
with versatile control systems that control the fuel-flow,
the air-flow, and the temperature. The design of a high-
speed three-phase switch reluctance machine (SRM), as
presented in [63], is needed for driving a compressor in
regard to the air management of an automotive application
FC, since this kind of compressor-motor is widely-used in
high-speed applications. The two models of predictive con-
trol loops proposed and compared in [45] were designed
with the aim of satisfying the oxygen starvation avoidance
criterion, and the maximum efficiency criterion in the FC.
A very similar goal is addressed in [64], which analyzes
the performance limitations and trade-offs associated with
compressor-driven air-supply and discusses different feed-
forward and feed-back architecture controllers for avoid-
ing oxygen starvation during load changes. A PEMFC dy-
namic electrical-circuit model that can estimate the oxy-
gen excess ratio is presented in [59], and its model is used
in [58] to implement a real-time simulation system. In [65]
a simplified model of the permanent-magnet synchronous
motor is used to feed the FC with air. This control ensures
less excursions away from the motor-equilibrium opera-
tion point, thus reducing the risk of oxygen starvation, and
reacts quickly to load changes.
5 CURRENT RIPPLE
As described in previous sections, PEMFC generates
unregulated dc energy. The level of output dc voltage de-
pends on the FC power rating or, more precisely, on the
number of cells connected in the series. The majority of
commercially available FCs generate output voltage within
the range of 25-50 V [66]. A power conditioning unit
(PCU) is required in order to adapt the generated voltage to
the demands of the load. According with the load require-
ments, PCUs can be divided into two groups: 1) PCUs for
dc applications and 2) PCUs for ac applications. The first
group is represented by dc-dc converters, whilst the second
is, in most cases, represented by the combination of a dc-dc
converter in series with a dc-ac inverter. When designing a
PCU, the criteria have to be met relating to conversion effi-
ciency, production costs, electrical isolation, current ripple
and reliability [66].
A topic that has been a subject of extensive research
over recent years and is of great importance for the per-
formance and durability of a FC, is the FC current rip-
ple. According to [67], there are low-frequency as well
as high-frequency ripple components in FC current. Low-
frequency ripple appears with PCUs for ac applications,
where an inverter load is applied to a FC. It is generated
due to the rectification effect through the inverter switches
and, therefore, it appears as pulsating current with dou-
ble frequency (e.g., 100 Hz) for fuel cell systems pow-
ering single-phase loads (e.g., 50 Hz) [68]. On the other
hand, high-frequency ripple is related to a dc-dc converter
switching frequency and the carrier frequency of a pulse-
width modulated output stage [67]. It appears with both
aforementioned groups of PCUs.
It is known that reactant utilization impacts the mechan-
ical nature of a FC. Therefore, it is assumed that those
varying reactant conditions caused by the current ripple,
govern (at least in part) the lifetime of the cells [67]. Both
parameters of ripple current, its magnitude and its fre-
quency, are important. On the basis of [6, 67, 69] it can
be concluded that the high-frequency ripple insignificantly
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affects the performance, behavior and lifetime of a FC, ex-
cept at very high ripple factors. In contrast, it has been re-
ported that low-frequency ripple components (<400 Hz)
have several negative effects, such as: reducing the FC
lifetime and efficiency [70–74], increasing fuel consump-
tion [72–74], and mechanical stress of the membrane [73],
making cathode surface responses slower, leading to the
occurrence of gas starvation and incurring nuisance trip-
ping, like an overload situation [72].
For the aforementioned reasons and the fact that addi-
tional power losses increase with increasing the magnitude
of the current ripple [75], FC current ripple reduction has
become one of the more important tasks when designing
a PCU. The values to which the current ripple should be
reduced vary considerably from FC producers to experts
dealing with this issue. Ballard Power Systems, for exam-
ple, has specified that the maximum value of 100/120 Hz
component of current ripple for its 1.2 kW NexaTM PEM
fuel cell is 24.7% RMS (or 35% peak-to-peak) [76]. Ac-
cording to experimental tests carried out on the aforemen-
tioned FC system [70], limiting the low-frequency current
ripple to between 30% and 40%, results in less than a 0.5-
1.5% reduction in FC output power. More stringent limi-
tations for current ripple have been proposed even though
this may be acceptable in many cases. In [67] it is sug-
gested that, in order to achieve negligible impact regarding
the performance and lifetime of a PEMFC, low-frequency
ripple should be controlled to less than 4%. Alternatively,
[77] specifies allowable ripple factors for the entire har-
monic spectrum of the FC current from 10% to 100% load.
It is suggested that fundamental frequency current ripple is
limited to below 10% of its rated value, low-frequency cur-
rent ripple to below 15% and high-frequency current ripple
(>10 kHz) to below 60%.
Since high-frequency current ripple with a magnitude
above 60% of the fundamental frequency current compo-
nent could be harmful to the FC, it is necessary to keep it as
low as possible. It is possible to reduce it by the use of pas-
sive compensation approaches, like connecting a low-pass
filter between the FC and PCU or applying a zero ripple fil-
ter [78]. Bulky passive filter components must be used in
order to achieve a sufficient degree of high-frequency rip-
ple suppression in high-power applications. The latter, not
only increase the size of the PCU, but also its production
costs and power losses.
Another FC current ripple reduction approach is based
on connecting dc-dc converters in parallel with an inter-
leaving technique [79–81], as shown in Fig. 8. It is con-
sidered an active ripple reduction method. Its basic idea is
the operation of modules at the same switching frequency,
whilst their switching waveforms are phase-shifted over a
switching period with respect to one another by TS/N , TS





























Fig. 8. Parallel connection of dc-dc converter with inter-
leaving technique
in parallel. This arrangement of switching waveforms and
consequently the way individual modules are clocked, low-
ers the net ripple magnitude. The input current is equally
shared amongst the converters, by paralleling them. Hence,
any current stress on the semiconductor devices on the in-
put side is reduced and smaller passive components can be
used [81]. This results in an increased efficiency, as well
as reliability, of the PCU and makes the approach suitable
for use in high-power applications [80]. The effectiveness
of the interleaving technique was proved by experimen-
tal testing using 2- and 4-module interleaved converter on
a 1.2 kW NexaTM PEM fuel cell in [80]. The test results
showed that the FC current ripple was 1/N the individual
inductor ripple and in the case of using the 4-module inter-
leaved converter, the high-frequency ripple was suppressed
to almost zero at the FC current reference of 30 A.
As mentioned in the introductory part of this section,
low-frequency current ripple can cause, in contrast to high-
frequency ripple, severe damage to the FC at much lower
magnitudes. For this reason substantial research has been
done with the aim of reducing it. As a result, there are many
passive as well as active ripple reduction methods proposed
in the literature.
Using the classical passive current ripple compensation
approach, a bulky energy storage device, like a capaci-
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Fig. 9. Conventional double-stage FC PCU with active
low-frequency ripple-control circuit, as proposed in [84]
tor [82] or a series LC circuit [83], is connected to the
low- or high-voltage side of the dc-dc converter. Although
a considerable reduction in low-frequency current ripple
can be achieved this way, the increased size of the con-
verter and more power dissipation as a consequence of ad-
ditional passive components within the circuit, represent
major drawbacks for passive ripple reduction approaches.
It is for these reasons that active ripple reduction meth-
ods have become prevalent amongst researchers lately. Ac-
cording to [84], active ripple reduction approaches are
classified into two main categories. One is the power-
conditioner self-controlling method [73,74,85,86] and the
other is the current-ripple injection method [71,84,87–89].
The latter is distinguished by its mobility over various ap-
plications, as it can be used with many different converter
topologies. It works on the principle of directly injecting
compensation ripple current into a coupling point at either
high-voltage or low-voltage bus of any PCU. The ripple
compensation current is generated by additional back-up
units, which use capacitors, supercapacitors or batteries as
energy storage devices.
Figure 9 presents the active low-frequency ripple-
control circuit that is proposed in [84] and intended for use
in double-stage PCUs. It is in fact a full-bridge inverter,
with a filter inductor La and an energy storage capacitor
Ca, connected to the high-voltage side of the dc-dc con-
verter. Switches (QA, QB , QC , QD) of the ripple compen-
sation unit are triggered according to the reference-current
command of the output filter inductor La, in order to in-
ject adequate compensation current ia. Experimental re-
sults have shown that this approach is efficient for low-
frequency ripple reduction as the 120 Hz component can
be reduced by up to 90%.
Another promising topology that is based on the
current-ripple injection method is proposed in [87, 88]
and suitable for use in single-stage PCUs. It incorporates







































Fig. 10. FC energy system based on a single-stage boost
inverter with energy storage back-up unit, as proposed in
[87, 88]
mode controlled bi-directional converter, a battery as the
energy storage medium and an LC passive filter. Apart
from supporting the slow dynamics of the FC during load
transients, the back-up unit has an additional function of
protecting the FC. The current control compensates low-
frequency current ripple, whilst the LC filter eliminates
the switching-frequency ripple components. The structure
of the described system is shown in Fig. 10.
Mazumder et al. [71] have proposed a multi-stage PCU
topology that can achieve the mitigation of both low- and
high-frequency current ripple. The PCU consists of a zero-
ripple boost converter (ZRBC) followed by a soft-switched
multi-level high-frequency inverter and single-phase cy-
cloconverter, as shown in Fig. 11. The mechanism of rip-
ple mitigation is based on a zero-ripple filter (ZRF) that
consists of a coupled inductor-based filter for minimizing
the high-frequency current ripple and a half-bridge active
power filter (APF) for mitigating the low-frequency ripple.
Experimental results have shown that the high-frequency
ripple is reduced to 20% and low-frequency ripple to 15%
of the maximum current ripple values, measured without
the use of the ripple mitigation mechanism.
A special active ripple reduction technique was pre-
sented in [86]. It is based on a novel circuit topology that
includes an active filter function without any extra switch-
ing devices. The active filter function is achieved by con-
necting the energy buffer capacitor Cf to the center tap
of the transformer, which is then controlled by the zero
switching vector of the first-stage inverter. The proposed
circuit is presented in Fig. 12 and consists of a first-stage
inverter for the medium frequency link, a transformer, a
diode rectifier, and a grid interconnection inverter. The
first-stage inverter has to perform the roles of both a dc-dc
converter and an active filter. These roles are achieved by
controlling the common-mode and differential-mode in-
verter voltages. Whilst the main power flow is controlled
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Fig. 11. Schematic of the PCU proposed in [71]
by the differential-mode voltage, the ripple current is sup-
pressed by the common-mode voltage. Experimental tests
have proven the effectiveness of the active filter function,
as the low-frequency ripple was reduced to 20% of the one
measured in the test without an active filter.
The main drawback of the current-ripple injection
method is the increase in size and production costs of the
PCU, as an additional back-up energy storage unit has to be
designed, built and applied to the basic converter structure.
In contrast, power-conditioner self-controlling approaches
do not require any additional converters or energy storage
components. Hence the overall system’s size and costs are
not increased.
Self-controlling ripple reduction methods for conven-
tional double-stage FC inverters are presented in [73] and
[74]. Both of them are fully implemented with software.
Liu and Lai [74] proposed a control strategy that is based
on adding a current control loop into the existing voltage
control system. With a proper selection of control band-
width for both the inner and outer control loops, it is pos-
sible to significantly reduce the current ripple whilst main-
taining a stable dc bus voltage. Experimental tests have
shown a reduction in low-frequency current ripple from
12.5% to less than 2% with the use of the proposed con-
trol system. An alternative low-frequency current ripple
reduction control strategy for conventional double-stage
FC inverters was proposed in [73]. This solution is based
on a single sensorless current feedback loop that controls
the dc-dc converter. Simulation tests showed promising re-
sults, as the 100 Hz current ripple component was reduced
from 10.2% to 0.027%.
Kwon et al. [85] presented a double stage PCU that con-
sists of a current-fed resonant push-pull converter and a
full-bridge inverter. This system is distinguished by an ex-
tremely low switching-frequency current ripple at a duty
ratio of around 0.5. The proposed low-frequency current
ripple reduction technique is based on the inclusion of a
ripple cancelation duty ratio into the control structure. Ex-
perimental tests carried out with a 1.5 kW prototype at full
load and an average FC current of 33 A, have shown a re-
duction in low-frequency current ripple from 18% to 1.8%
with the use of described ripple reduction method.
As most of the research in the field of FC current rip-
ple reduction is already directed towards active reduction
methods, it is expected that this trend will continue. Self
controlling techniques have shown a lot of potential, as
they can achieve considerable degrees of low-frequency
ripple reduction without the use of any additional compo-
nents that would negatively affect the size, costs and effi-
ciency of the PCU. What is especially interesting for im-
plementing the above-mentioned techniques are the single-
stage inverter topologies, like buck-boost inverter [87]
boost inverter [88], and Z-source inverter [90]. Their ma-
jor drawback is the input current ripple and hence they are
infrequently used in distributed energy systems, like fuel
cell and photovoltaic applications. On the other hand, the
low number of passive and active components, the sim-
ple circuit, single stage conversion and consequently small
size, low production costs and high efficiency, make them
very interesting for use in such systems. As every inter-
ference in the switching strategy of a single-stage inverter
is reflected in the output voltage and current, the imple-
mentation of a self-controlled ripple reduction technique
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Fig. 12. Single-phase isolated converter with an active filter function, as proposed in [86]
is especially complex. Therefore it represents a real chal-
lenge for the future. With the aim of reducing the costs,
increasing the efficiency and extending the lifetime of FC
applications, a lot of attention needs to be given to devel-
oping and designing of novel low input current ripple con-
verters, as well. Therefore it is expected, that future work
will include the design of a low input current ripple in-
verter, composed of two identical coupled-inductor bidi-
rectional buck-boost converters in differential/subtracting-
stacking configuration [91, 92]. Low input current ripple
of the described converter structure is achieved by select-
ing an appropriate turns ratio of the coupled inductors, as
proposed in [93].
6 CONCLUSION
This article gives a comprehensive review of the main
advances in power electronics that have the ability to im-
prove efficiency and durability, as well as ensure safe and
reliable operation of PEMFCs. On the basis of an exten-
sive literature review dealing with the main phenomena
that affect the lifetime and the long-term performance of
PEMFCs, power electronics solutions have been discussed
that could mitigate these problems. The major issues that
affect the durability and efficiency of the FC stack, for
which solutions within the scope of power electronics are
available, are poor water management, reactant gas starva-
tion, and current ripple. Understanding these issues and the
way to solve them is very important for researchers work-
ing on the design of those power-electronic devices used
in PEMFC energy systems. Power electronics plays a cru-
cial role in the positioning of fuel cells as popular energy
sources for mobile and stationary applications. The authors
believe that this article will be helpful for those power elec-
tronics researchers and engineers interested in new design
criteria or looking for future research areas.
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